Purpose. Listeria monocytogenes is a genetically heterogeneous species, which is divided into evolutionary lineages and clonal complexes (CCs). Not all L. monocytogenes isolates are equally likely to cause disease, with CC1, and in particular sequence type (ST) 1, being the most prevalent complex in human and ruminant infections and more specifically in neurolisteriosis. While the major factors that determine neurotropism are unknown, the L. monocytogenes CC1 strains harbour listeriolysin S (lls) and particular alleles of internalin (inl) F and inlJ, which are not present in CCs commonly isolated from food and the environment. The aim of this study was to analyse the role of these factors in cellular infection.
INTRODUCTION
Listeria monocytogenes is a Gram-positive facultative pathogenic intracellular bacterium. It can cause a range of clinical syndromes such as gastroenteritis, abortion, septicaemia and different forms of central nervous system (CNS) disease in several mammalian hosts, upon oral consumption [1] . Despite a rather low global incidence rate (estimated at 0.3 cases per 100 000 in humans), listeriosis is a major health concern due to the associated high mortality rate of up to 30 % in infected subjects [2] .
Over recent decades, L. monocytogenes has been intensely studied due to its impact on public health and relevance as a model pathogen [3] . Major virulence factors crucial for the intracellular lifestyle of L. monocytogenes have been identified [4] . These most importantly include the Listeria pathogenicity island 1 (LIPI-1), which is regulated by positive regulatory factor A (PrfA) and contains listeriolysin O (LLO), actin assembly-inducing protein (actA), and phosphatidyl-inositol and phosphatidylcholin-specific phospholipases (PI-PLC and PC-PLC), as well as the two major adhesion proteins internalin (inl) A and B [5] .
Most virulence studies have been performed with three widely used L. monocytogenes reference strains: EGD, EGDe and 10403S [6] . Recent studies have revealed that these strains belong to clonal complexes (CCs) from phylogenetic lineage II that are rarely isolated from clinical infections, while specific CCs of L. monocytogenes lineage I are strongly overrepresented in clinical infections of humans and ruminants [7] [8] [9] [10] . CC1, and in particular ST1, is highly prevalent in isolates from clinical infections and the most commonly isolated complex in both human [9] and ruminant [10] neurolisteriosis, a fatal complication of listeriosis. This CC is hypervirulent in vivo and hyperinvasive in vitro, most likely due to either additional virulence attributes not present in lineage II reference strains or polymorphisms within known virulence genes [9] [10] [11] [12] . Interestingly, strains of CC1 and other CCs from lineage I hold putative virulence genes or particular alleles of putative virulence genes [8, 13] . These include a hitherto uncharacterized inlF allele, and inlJ1, which were found to be associated with rhombencephalitis isolates in ruminants [8] , as well as listeriolysin S (lls) (Fig.  S1 , available in the online Supplementary Material) [9] .
Internalins are leucine-rich repeat-containing proteins that are either surface-expressed or -secreted [14] . InlF has been previously investigated in reference strains from lineage II [15, 16] . However, the alleles of inlF from lineage I and lineage II share only 74 % amino acid sequence identity [17] , and no information on inlF within the background of lineage I strains is available. InlJ, which contains mucin-binding domains, has been shown to be involved in virulence of EGD-e in a mouse model and has been claimed to be involved in adherence [18, 19] . Compared to inlJ2 from lineage II strains, inlJ1 of CC1 encodes for one additional mucin-binding domain in inlJ1. Listeriolysin S is also known as LIPI-3 and is a multi-component haemolysin that was identified due to its similarity to streptolysin S from Streptococcus pyogenes, and is associated with specific CCs of lineage I. Initially, it was shown to modulate virulence in mice and survival in polymorphonuclear neutrophils through haemolytic activity, and was proposed as a major candidate to explain the strong association of lineage I strains with Listeria infection [13] . A recent study has demonstrated its function as a bacteriocin in the gut of experimental mice [20] .
Based on their association with CC1, we hypothesized that inlJ1, inlF and lls are involved in the hyperinvasiveness, intracellular infection cycle and intercellular spread of CC1, potentially contributing to its high prevalence in neurolisteriosis. To test this, we compared a L. monocytogenes ST1 field strain belonging to CC1 (JF5203), which was isolated from bovine rhombencephalitis, to EGD-e in cell cultures that represent the targets of L. monocytogenes infection (neurons, placenta, intestine and macrophages) and investigated the effect of the deletion of CC1-associated inlF, inlJ and llsB. Additionally, a bovine organotypic brain slice culture (BSC) model emulating the CNS infection [21] was used. We show that the CC1 strain is hyperinvasive and demonstrates enhanced intercellular spread compared to EGD-e. Our results indicate that inlF, inlJ and llsB are not responsible for this phenotype.
METHODS

Cell and tissue cultures
The bovine macrophage cell line, BoMac [22] , and the human epithelial colorectal adenocarcinoma cell line, Caco-2, were grown in Dulbecco's modified Eagle's medium (DMEM) with Glutamax (Life Technologies, Zug, Switzerland) supplemented with 10 % fetal calf serum (FCS) (Bioswisstec, Schaffhausen, Switzerland) and 100 U ml À1 penicillin/streptomycin (Life Technologies). Fetal bovine brain cells, FBBC-1 [23] , were grown in DMEM/F12 mix (1 : 1, Life Technologies) supplemented with 10 % FCS, 50 ng ml À1 epithelial growth factor, 50 ng ml À1 recombinant human basic fibroblast growth factor (bFGF) (SigmaAldrich, Buchs, Switzerland), 100 U ml À1 penicillin/streptomycin, and 1x N2 supplement (Life Technologies). Bovine caruncular epithelial cells, BCEC-1 [24] , were grown in DMEM/F12 mix supplemented with 10 % FCS and 100 U ml À1 penicillin/streptomycin. Organotypic BSCs were prepared from the hippocampus of calves, slaughtered for human consumption, as previously described [21, 25] .
Bacterial strains
The L. monocytogenes ST1 strain JF5203 (L146/2007, CC1) [8] , isolated from a case of rhombencephalitis in cattle, was used as a parental strain for the generation of the mutants. EGD-e (CC9), a widely used reference strain that differs in the genes of interest (Fig. S1 ), was used for comparison [26] . Additionally, Listeria innocua (CCUG15531) was used for comparison in adhesion experiments.
To generate in-frame deletion mutant derivatives of JF5203, the pMAD plasmid was used [27] . JF5203-DactA was generated in a previous study [28] . For the deletion of inlF (LMOf2365_0429) and inlJ (LMOf2365_2812), both~1.5 kb upstream and downstream regions of inlF and inlJ were amplified with the Expand High Fidelity Plus PCR system (Roche Diagnostics, Rotkreuz, Switzerland) using the primer pairs dinlF_1_fw_BamHI/dinlF_2_rv_SalI, dinlF_3_fw_SaI/ dinlF_4_rv_XmaI or dinlJ_1_fw_BamHI/dinlJ_2_rv_StuI and dinlJ_3_fw_StuI/dinlJ_4_rv_XmaI, respectively, on extracted DNA from JF5203 (Table 1) . PCR fragments and pMAD were digested with the appropriate enzymes and ligated to generate pMAD-DinlF and pMAD-DinlJ. For deletion of llsB (LMOf2365_1116), the~650 bp up-and downstream region of llsB was amplified with primers dllsB_1_fw_SalI/dllsB_2_rv and dllsB_3_fw/dllsB_4_rv_XmaI and then connected by splice over extension PCR using primers dllsB_1_fw_SalI/ dllsB_4_rv_XmaI ( Table 1 ). The PCR product and pMAD were digested using SalI and XmaI, and fragments were ligated with T4 ligase.
For complementation of inlJ, pPL2 plasmids with and without the p60 promoter [29] were used (kindly provided by Martin Lössner, ETH Zurich). The coding region of inlJ1 was amplified using primers inlJ_comp_fw_XmaI/ inlJ_comp_rv_XhoI from JF5203-DNA and cloned into pPL2-p60 using restriction enzymes XmaI and XhoI, resulting in pPL2-p60-inlJ1 ( Table 1 ). The coding region plus the adjacent 286 nt upstream region containing the endogenous promoter of inlJ1 was amplified using primers inlJ_com-p_endo_fw_XmaI/inlJ_compl_rv_XhoI and cloned into pPL2 using XmaI and XhoI to generate pPL2-endo-inlJ1 (Table 1 ). An identical procedure was also performed for the generation of plasmids pPL2-P60-inlJ2 and pPL2-endoinlJ2 using extracted EGD-e DNA as a template for the PCRs. All plasmids were verified by sequencing.
To generate deletion and complementation mutants, JF5203 or L. innocua was transformed with the respective pMAD-derived deletion plasmids or the pPL2-derived complementation plasmids by electroporation in a GenePuls apparatus (Bio-Rad, Hercules, CA, USA) set to 25 µF, 200 and 1.25 kV in a 0.1 cm cuvette. Deletion and selection were performed as previously described [28] . Gene deletion in the final L. monocytogenes clone was confirmed by colony PCR with primer pairs binding inside or outside the respective genes ( Table 1) . Insertion of the complementation plasmid was confirmed using primers PL95 + PL102 [29] .
Axenic growth in broth Bacteria were grown in BHI broth overnight. Then, fresh broth was inoculated with liquid overnight culture and the OD 600 measured every 30 min. Bacterial growth was quantified in three independent experiments. Growth curves were fitted using a logistic growth formula [Y=YM*Y0/ ((YMÀY0)*exp(Àk*x)+Y0)].
Analysis of Listeria virulence gene expression by reverse-transcription PCR Bacterial virulence gene mRNA expression was assessed under intracellular and extracellular conditions. For analysis of intracellular bacteria, cells were grown to confluency in six-well plates, infected with approximately 2Â10 7 bacteria and centrifuged at 200 g for 1 min to enhance infection. They were then washed three times in PBS and incubated at 37 C with 5 % CO 2 . Cells were lysed in 19 % ethanol, 0.1 % SDS, 1 % phenol in H 2 O at 24 h post-infection (p.i.) [30] . Lysates were centrifuged for 5 min at 16 000 g to collect bacterial pellets. For analysis of extracellular virulence gene expression, liquid broth cultures were grown to mid-logarithmic stage and collected by centrifugation at 5000 g for 1 min.
Total RNA was extracted using the RiboPure-Bacteria Kit (ThermoFisher Scientific). The absence of DNA contamination in the RNA was checked by PCR. Reverse transcription was performed using the GoScript Reverse Transcription System (Promega) according to the manufacturer's instructions. Expression of mRNA was checked using primers as indicated in Table 1 , as well as rrs (16S) primers from Suo et al. [31] , with amplification parameters as follows: initial denaturation at 95 C for 2 min, followed by 35 cycles of denaturation at 95 C for 30 s, annealing at 57 C for 30 s and elongation at 72 C for 1 min, with a final extension at 72 C for 7 min.
Adhesion assay
Cells were grown to confluency on coverslips in 24-well plates. Caco-2 cells were grown on coverslips coated with poly-D-lysine hydrobromide (Sigma Aldrich). Cells were starved in a medium without FCS for 1 h before inoculation 
RT-llsB_rv CCAGAAGAATAATGCCTGGTGG with 1Â10 7 bacteria per well. To synchronize adhesion without forcing adhesion, bacteria were spun down on the cell layer for 1 min at 200 g. After 30 min, cells were washed five times with PBS. Then, cells were fixed in 4 % PFA (BoMac and Caco-2) for differential staining of intracellular and extracellular bacteria.
Gentamicin protection assay
Cells were grown to confluency in 24-well plates in medium without penicillin/streptomycin. FBBC-1 cells were differentiated by incubation with 100 µM forskolin (Merck-Millipore, Schaffhausen, Switzerland) for 18 h prior to infection. One hour prior to infection, cells were starved in medium without FCS. Approximately 1Â10 6 (m.o.i.~5) bacteria were added to the cells. One hour after infection, the inoculum was removed and cells were washed twice with PBS, before adding a medium with 10 % FCS and 50 µg ml À1 gentamicin (Sigma-Aldrich). FBBC-1 cells were additionally supplemented with forskolin. At 2, 4, 8 and 24 h p.i., cells were washed twice with PBS, lysed in 0.5 % Triton-X100 (Sigma-Aldrich) in ice-cold ddH 2 O and plated in serial dilutions on BHI-plates for enumeration.
Infections of BSCs were performed as previously described [25] . In brief, 1 h after starvation in the FCS-free medium, approx. 100 bacteria were microinjected into the brain slice. At 3 h p.i., the medium was exchanged with the medium containing FCS and 50 µg ml À1 gentamicin. At 8, 24 and 48 h p.i., brain slices were lysed in 0.5 % Triton-X100 in PBS and plated in serial dilutions on BHI-plates. Recovered c.f.u. were normalized to the inoculum.
In cell line assays, the 2 h time point was used to estimate cellular invasion [18, 32] . As indication for the intracellular fitness of strains, the number of intracellular duplications and duplication time between time intervals was calculated according to d=t/3.3 log (n 2 /n 1 ), with d=duplication time, t=time interval, n 1 =intracellular c.f.u. number at the beginning of the time interval and n 2 =intracellular c.f.u. number at the end of the time interval.
Immunofluorescence microscopy Coverslips with infected cells were fixed with 4 % paraformaldehyde at indicated time points. After 30 min they were washed with PBS-0.1 % Tween (PBS-T). Cells were permeabilized with 0.5 % Triton-X100 in PBS for 3 min, washed with PBS-T and then incubated for 1 h with Listeria O antiserum (BD, Allschwil, Switzerland, 1 : 200) in PBS-T with 10 % normal goat serum. Thereafter, the coverslips were washed three times in PBS-T, and then incubated with AlexaFluor 488 Goat Anti-Rabbit IgG (Life Technologies; 1 : 500) and Dapi in PBS-T for 45 min.
For differential inside/outside staining, unpermeabilized fixed cells were incubated with Listeria O antiserum followed by AlexaFluor 555 Goat Anti-Rabbit IgG (Life Technologies; 1 : 500) to label extracellular bacteria. For visualization of intracellular bacteria, coverslips were then washed three times with PBS and permeabilized with 0.5 % Triton-X100 in PBS for 3 min, washed with PBS-T, and incubated with 10 % normal goat serum in PBS-T. Following a second incubation with Listeria O antiserum in PBS-T for 1 h, cells were washed three times in PBS-T and then incubated with AlexaFluor 488 Goat Anti-Rabbit IgG and Dapi in PBS-T for 45 min. Coverslips were then washed three times in PBS-T, rinsed in H 2 O and mounted using glycergel (Dako, Baar, Switzerland). Images were generated using a Fluoview FV1000 confocal laser scanning microscope (Olympus, Hamburg, Germany) or the IN Cell Analyzer (GE Healthcare Life Sciences, Glattbrugg, Switzerland) and analysed using FIJI [33] . In BoMac, infection foci were enumerated at 24 h p.i. as a measure of invasion [34] . Foci size of five foci per strain in four independent experiments was measured as an indicator of spread [34, 35] . These analyses were not performed in other cell lines because of confluency and/or because of the shape of infection foci. For invasion efficacy of inlJ-mutants and parental strains, extracellular bacteria (red) and intracellular bacteria (green) were automatically quantified using the 'analyse particle' function in FIJI.
Statistical analysis C.f.u. assays were performed in at least three independent experiments including triplicates. Adhesion assays were performed in three independent experiments including three duplicates. IF assays were performed in five independent experiments. Since not all data were normally distributed, non-parametric Kruskal-Wallis followed by Dunn's multiple comparisons test compared to JF5203 was performed using GraphPad Prism (version 6.0 for MacOSX, GraphPad Software, La Jolla, CA, USA, www.graphpad.com). 95 % confidence intervals (95 % CI) were determined and statistical significance was assigned as follows: P<0.05 *, P<0.01 **, P<0.001 ***.
RESULTS
To investigate the role of virulence factors and alleles that are associated with CC1 strains and their potential involvement in neurolisteriosis [9, 10] , we deleted inlF, inlJ [8] and llsB [13] in a parental CC1 strain isolated from a case of bovine rhombencephalitis, which was previously shown to efficiently replicate and spread in bovine BSCs [12] . actA was deleted as a control for functionally effective deletion in JF5203. We tested the deletion strains in cell and tissue culture systems representing the targets of L. monocytogenes infection: BSC and a fetal bovine brain cell line (FBBC-1) were used to model CNS infection, a bovine macrophage cell line (BoMac) to model the intraphagocytic stage, a bovine caruncular epithelial cell line (BCEC-1) as a model for the placental infection, and the human colorectal adenocarcinoma cell line (Caco-2) as a model for the gastro-intestinal barrier.
InlF, inlJ and llsB are expressed during intracellular infection and deletion mutants are not attenuated in axenic growth InlF, inlJ and llsB were expressed at the mRNA level both in broth and during intracellular infection in BoMac and Caco-2 cell lines (Fig. 1) . In both intra-and extracellular conditions, bands for inlF, inlJ and llsB PCR products appeared less intense than those for actA and the control genes gyrA and rrs. The parental strain, EGD-e and all inframe deletion mutants showed similar axenic growth with a generation time of 37.5±1 min (Fig. S2) .
Bacterial invasion differs between target cells
The ST1 wild-type strain, JF5203 (CC1), efficiently infected the various cell lines and BSCs, and invasion and infection kinetics differed between cell lines and tissue cultures (Figs 2 and 3) . Cellular invasion was highest in FBBC-1 and CaCo-2 (approximately 10 3 c.f.u.) and one order of magnitude lower in BoMac and BCEC (approximately 10 2 c.f.u.) (Fig. 3) . Intracellular multiplication between 2 and 24 h p.i. was slightly higher in BoMac (12 duplications; duplication time d=108 min) and Caco-2 (11 duplications; d=117 min) than in BCEC-1 (9 duplications; d=151 min) and FBBC-1 (6 duplications; d=225 min), respectively (Fig. 3) . The lower final c.f.u. in FBBC-1 compared to BoMac and CaCo-2 coincided with an elongated cellular morphology, with long fine cytoplasmic processes and isolated cell-to-cell contacts potentially inhibiting intercellular spread. Intracellular multiplication between 8 and 24 h p.i. within BSC (8 duplications, d=117 min), where mainly microglia were infected, was similar to intracellular replication in BoMac (7 duplications, d=136 min).
ST1 strain JF5203 is more efficient in invasion and intercellular spread than EGD-e
Although both the ST1 strain JF5203 from CC1 and EGD-e (CC9) infected all culture models, JF5203 was stronger in host-cell invasion than EGD-e as indicated by the differences in recovered c.f.u. at 2 h in CaCo-2 (P<0.001), BoMac (P<0.05) and FBBC-1 (P<0.01) cell lines (Fig. 3) . The difference was clearest in CaCo-2 cells, where invasion by JF5203 was four-sixfold higher. Invasion of BoMac and FBBC-1 was 2.2 and three times higher in JF5203 than in EGD-e, respectively. In contrast, no difference was observed in BCEC-1 at 2 h p.i. The hyperinvasive phenotype was further supported by a higher number of infection foci of JF5203 in BoMac as determined at 24 h p.i. [34] . In this cell line, EGD-e produced only 30 % of infection foci compared to JF5203 (P<0.05) (Fig. 4) . Reduced foci numbers were also observed in FBBC-1 and CaCo-2, but due to confluence and the shape of infection foci, exact enumeration was impossible ( Figs S3 and S5 ). In concordance with the c.f.u. data, no difference in the number of infection foci was observed between JF5203 and EGD-e in BCEC-1 (Fig. S4 ).
The differences in c.f.u. number remained stable or increased in the later time points in BoMac, CaCo-2 and FBBC-1. However, the number of intracellular duplications and duplication time was similar between JF5203 and EGDe in all cell lines (data not shown), indicating a similar intracellular fitness and suggesting that the differences in c.f.u. numbers at the later time points were due to the differences in invasion. In BoMac infection, foci of JF5203 were significantly larger compared to EGD-e, indicating an enhanced ability to spread between cells (Fig. 4) . This difference was not obvious in the other cell lines. In contrast to the various cell lines, c.f.u. numbers recovered from infected BSC were similar between EGD-e and JF5203 at all time points (Fig. 2) .
InlJ, inlF and llsB are not involved in hyperinvasiveness and intercellular spread of JF5203 The JF5203-DactA control behaved as expected. Deletion of DactA in the virulent strain JF5203 exerted a strong effect on infection kinetics in all cell lines and the BSC model (Figs 2 and 3) . The DactA mutant invaded cells with similar efficiency to the parental strain, as indicated by c.f.u. numbers at 2 h p.i. and by infection foci number (Fig. 4) . Initially (4 and 8 h p.i.), the DactA-deletion mutant replicated more efficiently than the parental strain in most systems. However, between 8 and 24 h p.i. intracellular growth of the DactA-mutant reached a plateau at a significantly lower c.f.u. number per well, whilst the parenteral strain continued to replicate (Figs 2 and 3) As a previous publication [19] indicated increased adhesion of L. innocua complemented with inlJ (from EGD-e), we tested the effect of inlJ deletion and complementation with either inlJ1 (from JF5203) or inlJ2 (from EGD-e) on adhesion of L. monocytogenes and L. innocua (Fig. S6) . In the BoMac cell line, the number of adhered and internalized bacteria was similar at 30 minutes p.i., and there was no clear difference in adhesion and invasion between JF5203 and L. innocua. In contrast, the number of adhered bacteria in infected Caco-2 cells was higher than the number of internalized bacteria. In this cell type, adhesion and internalization of JF5203 were increased compared to L. innocua.
Neither deletion of inlJ in L. monocytogenes nor complementation of L. monocytogenes and L. innocua with one of the two inlJ alleles had any effect on adhesion and invasion of BoMac and CaCo-2.
DISCUSSION
Although L. monocytogenes strains from CC1, and within CC1 particularly from ST1, are strongly associated with clinical infection and more specifically neurolisteriosis in ruminants and humans [9, 10] , they have rarely been used for pathogenesis studies. CC1 is hypervirulent in vivo and behaves hyperinvasively in experimental infections in vitro, respectively [11, 12] . Altogether, these data suggest that CC1 strains possess specific traits that are associated with their high prevalence in clinical infection and are thus important for host infection. We previously showed that ST1 strains contain specific alleles of inlF and inlJ [8] . Additionally, they possess listeriolysin S, which is absent from most other CCs [9, 13] . We thus created deletion mutants from an ST1 L. monocytogenes parental strain (JF5203, CC1), which was isolated from a case of bovine rhombencephalitis, and investigated the effect of deletions in vitro by comparing them to their parental strain and to EGD-e, which has been widely used for pathogenetic studies. Our ST1 strain was hyperinvasive and showed enhanced intercellular spread compared to EGD-e in most culture systems tested, suggesting that the reported hypervirulence of L. monocytogenes CC1 in mice and the high prevalence in infection is at least partially associated with these attributes [9] . Although it remains to be determined whether JF5203 is representative for ST1 in terms of hyperinvasiveness and intercellular spread, the high genomic similarity and conservation of putative virulence genes among strains belonging to ST1 suggest that these characteristics are likely to be conserved within ST1 [9, 10, 36] . This is further supported by similar findings from previous studies that describe hypervirulence of ST1 in mice and an almost identical behaviour of ST1 strains in vitro [9, 10] . Our results indicate that although virulence traits of L. monocytogenes, crucial for the intracellular lifestyle, are well represented in EGD-e to some extent [6] , it may be prudent to study virulence mechanisms in clinically relevant CC1 strains to fully understand the pathogenesis of listeriosis.
Interestingly, intracellular multiplication of both L. monocytogenes JF5203 and EGD-e within the bovine macrophage cell line and organotypic BSCs, where the main cellular targets are microglia [21] , was similar to multiplication in CaCo-2 cells. This finding is in agreement with the ability of L. monocytogenes to escape the phagocytic vacuole in macrophages and replicate in the cytoplasm [37] and reports of Listeria being primarily found in phagocytes in cerebral infections [28, 38] . It further supports the view that infected cells of the monocytic lineage may contribute to in-host bacterial spread including invasion of the brain and amplification [28, 39, 40] . Differences in cellular infection between JF5203 and EGD-e were observed in the bovine macrophage cell line, FBBC-1 and CaCo-2 but not within microglia of BSCs and BCEC-1, suggesting cell-specific interaction mechanisms between these cell types and Listeria. The decreased intracellular growth in FBBC-1 is most likely due to the elongated form and lower cell-to-cell contact areas of the differentiated brain cells restricting efficient intercellular spread [23] .
As expected, deletion of the major virulence factor actA, which we used as a control for the functional effect of gene deletion, caused a marked reduction in c.f.u. at late time points due to defective intercellular spread [41] . This observation was made in all our models, including macrophages and microglia of BSC, indicating that actin-based motility significantly contributes to the spread of L. monocytogenes within both phagocyte populations. In contrast, despite the strong correlation of inlF and inlJ alleles and the presence of Deletion of inlF, inlJ and llsB had no effect. (b) In BoMac, EGD-e produced significantly lower c.f.u. at 2 h p.i. and both EGD-e and JF5203-DactA produced significantly lower c.f.u. at 24 h p.i. Deletion of inlF, inlJ and llsB had no effect. (c) In Caco-2 cells, EGD-e produced significantly fewer c.f.u. at 2, 4 and 8 h p.i., while actA deletion led to a significant reduction at 24 h p.i. Deletion of inlF, inlJ and llsB had no effect. llsB in CC1 strains, and intracellular expression of these factors on mRNA level, no consistent effect of deletions was observed.
In line with initial findings regarding inlF in lineage II strains [15] , deletion of the lineage I-specific inlF allele had no effect except a slight reduction of c.f.u. in the placental cell line that was not associated with a specific phenotype in immunofluorescence analysis. It has been described that invasion of L. monocytogenes lineage II is slightly increased in an InlF-and host cell-dependent manner when RhoA kinases are inhibited [16] . Collectively, these data suggest that InlF may play a role only under specific conditions and in specific cell types.
Similarly, deletion of inlJ1 did not cause any consistent effect in cell adhesion or infection. In contrast to previously published data on inlJ2 [19] , we did not observe any effect on adhesion when overexpressing either inlJ1 or inlJ2 in the deletion mutant of JF5203 (ST1) or in L. innocua. These observations corroborate our interpretation that inlJ is not crucially involved in cell adhesion, invasion and spread in the investigated cell types. Rather, inlJ may be required for another step during infection, or its function is redundant with other virulence genes possibly compensating for its deletion.
In addition, deletion of llsB was not associated with a specific phenotype in the tested culture systems. It has previously been shown that lls is involved in intra-neutrophilic survival and that the lls promoter is activated by oxidative stress when grown on broth [13] . Although reactive oxygen species are expected to be produced both in microglia of BSC, which are the target cells of L. monocytogenes in this model, and in BoMac [42, 43] , and additionally llsB is expressed in these cells, deletion of lls had no significant effect. Together these results indicate that lls is not involved in hyperinvasiveness and increased spread of ST1 in the cell culture systems tested. This is in line with a recent study showing that in orally infected mice, lls is expressed during the intestinal phase of infection and relevant as bacteriocin in the intestine of orally infected mice [20] . Although the bacteriocidal effect may be partially responsible for the stronger association of clinical infections with lineage I than with lineage II, it cannot explain phenotypic differences between lineages I and II observed in cell-culture models [10] , indicating that further factors are involved in the hypervirulence of lineage I and in particular ST1 of CC1.
In conclusion, our results indicate that our reference strain for CC1 is hyperinvasive compared to EGD-e (CC9) and additionally performs better in cell-to-cell spread, which might explain its hypervirulence observed in experimental in vivo infection studies and epidemiological studies. Our results confirm that clinically relevant strains should be used for infection and pathogenesis studies. The investigated virulence factors appear not to be involved in the hyperinvasive phenotype of CC1. Alternatively, these factors may be involved in steps during the infection process that are not reflected in our culture systems. This would include adhesion to specific cell types that were not covered in our assays, immune response, interaction with the mucin layer and bacterial flora of the intestine. It remains intriguing that the presence of lls and the specific alleles of inlF and inlJ is strongly associated with CC1 strains. This phenomenon might be due to the clonal evolution of listeria rather than to the evolvement of virulence attributes under selective pressure [10, 44, 45] .
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